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By late 2019, a novel coronavirus outbreak was recorded in Wuhan, Hubei Province, China. In the beginning, the virus was called 2019-nCoV which was subsequently renamed by the International Committee on Taxonomy of Viruses (ICTV) as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), causing coronavirus disease 2019 (now more commonly known by the acronym "COVID-19"). This virus primarily affects the respiratory tract and lungs causing dry cough, fever, and shortness of the breath \[[@CR1]\]. Nucleic acid sequence analyses from the lower respiratory tract samples indicated that the series of pneumonia cases of unknown cause reported during December 2019, were consequences of this novel virus \[[@CR2]\].

Although most of the human coronavirus infections are mild, two major epidemic events caused by the members of coronavirus family have been reported in the last two decades itself. Severe acute respiratory syndrome coronavirus (SARS-CoV) emerged in Guangdong Province, China in 2003. The infection transmitted human to human and spread to 37 different countries and infected more than 8,000 people, of which 9% of the cases were fatal \[[@CR3]--[@CR5]\]. After the genetic identification of the pathogenic agent which was named SARS-CoV, it was hypothesized that it could have emerged from an animal host traded in the live-animal markets in China. Although horseshoe bats have been found to be a natural reservoir of the SARS-CoV-like virus, evidence suggests that the origin of the epidemic was from masked palm civets. However, it is still uncertain whether these animals were hosts of the virus in wild conditions or got infected during trading in the animal market \[[@CR6]\]. Fortunately, due to the implementation of quarantining of infected persons, and restrictions on air travels the spreading of this particular virus was controlled in the same year and no human infections have been reported since \[[@CR7]\].

Later in 2012, another viral outbreak of MERS-CoV was reported from the Kingdom of Saudi Arabia. In the last two decades, it had caused more than 10,000 cases, with mortality rates of 37% \[[@CR2]\]. It is believed that bats are the reservoir for MERS-CoV also because closely related two other known bat viruses (BtCoV-HKU4 and BtCoV-HKU5) have been recorded. It is worth keeping in consideration that a virus containing the full sequence of MERS-CoV has not been isolated from any bat source so far \[[@CR7], [@CR8]\]. It is likely that there are other animal reservoirs of this particular virus, while the infections to humans were communicated via dromedary camels \[[@CR9], [@CR10]\].

The pandemic caused by coronavirus (SARS-CoV-2) has emerged as a global threat. According to the World Health Organization (WHO), the outbreak of the coronavirus infections has already been recorded in almost all countries of the world. By the end of May, 2020 a total of more than 5.7 million positive cases and more than 357,000 deaths (<https://covid19.who.int/>) have been recorded and the numbers are continuously increasing. Quarantining of confirmed non-critical cases and home quarantining of their established contacts have been ongoing important preventive practices. Currently, no specific drugs are available to cure the COVID-19 patients neither are vaccines to immunize healthy uninfected individuals. Hence, vigorous efforts are needed for safe and effective treatments for COVID-19, especially for severe cases. An approach of regenerative medicine by infusion of stem cells for treating lung diseases has been reported with promising results \[[@CR11]--[@CR13]\]. The immense capacity of mesenchymal stem cells (MSCs) in altering the activity of most of the components of immune system, along with their pro-angiogenic and cytoprotective effects by directly interacting with injured tissue, and by releasing a number of extracellular vesicles loaded with cytoprotective factors, cytokines, are now being perceived as a potential therapeutic agent for treating a number of diseases including lung diseases \[[@CR13], [@CR14]\]. In this review, an attempt has been made to discuss the immunomodulatory properties of MSCs, and how these properties make them useful for the treatment of patients suffering from SARS-CoV-2.

Similarities in the Pathogenicity of SARS-CoV-2 and COVID-19 SARS-CoV Viruses {#Sec2}
=============================================================================

SARS-CoV-2 virus belongs to the family Coronaviridea. Viruses belonging to this family have a single-stranded positive-sense RNA genome ranging from 26 to 32 kilobases in length \[[@CR15]\]. Their genetic material is enveloped in a spherical capsid bearing club-shaped glycoprotein projections giving it a crown-like appearance after which the family is named. Reports based on phylogenetic evidence suggest that bats could be the natural reservoir of SARS-CoV-2, since bat-derived coronaviruses which also fall in basal positions in the subgenus Sarbecovirus. This virus is most closely related to bat-SL-CoVZC45 and bat-SL-CoVZXC21 viruses \[[@CR16]\]. There is a possibility that the COVID-19 virus might have jumped from bats to humans but scientific proves indicating this fact are not conclusive and the probability that it could have been transmitted to humans from some other currently undecided wild animal/s sold at the Hunan seafood market is still there \[[@CR17]\].

In order to infect a host cell, the S1 unit of the spike protein (S), present on the capsid of the virus binds to the angiotensin I converting enzyme 2 receptor (ACE2) after being primed by a protease called TMPRSS2 \[[@CR18]--[@CR20]\]. There are numerous ACE2 receptors on the surface of human cells, especially of the alveolar type II cells (AT2) and cells of capillary endothelium \[[@CR21]\]. Genetic material replication takes place in the cytoplasm of the host cells which involves coordinated processes of continuous and discontinuous RNA synthesis facilitated by the replicase \[[@CR22]\].

In the first clinical publication by China-based clinicians reported that most of the patients often presented with fever, dry cough and about one third of them had shortness of breath. Other common symptoms were muscle ache, headache, confusion, chest pain, and diarrhea. Even though further investigation is needed to ascertain all of the vehicles of disease transmission, there is a strong evidence of human-to-human transmission as all death cases were inline of early warning model for predicting mortality in viral pneumonia \[[@CR23]\]. Findings based on MuLBSTA scoring system, comprised of six parameters routinely recorded in hospitals (multilobular infiltration, lymphopenia, bacterial co-infection, smoking history, hypertension, and age) \[[@CR24]\] show that the presence of comorbidities like hypertension or other cardiovascular diseases, cerebro-vascular diseases, diabetes, hepatitis B infections, chronic obstructive pulmonary disease, chronic kidney diseases, malignancy and immunodeficiency significantly escalated the risk of poor prognosis. The prognoses became grimmer in patients with two or more comorbidities when compared to that in persons who had one or none \[[@CR25]\].

Clinical profiles showed that in most cases level of lymphocytes, especially T lymphocytes were reduced. After the infection, virus particles spread through the respiratory mucosa inducing a cytokine storm in the body which caused changes in the population of peripheral white blood cells including lymphocytes \[[@CR23]\]. Other laboratory parameters frequently recorded in patients indicated that besides lymphopenia, there were increased values in levels of C-reactive protein (CRP), erythrocyte sedimentation rate (ESR), lactate dehydrogenase (LDH) and D-dimer, and had low levels of serum albumin and hemoglobin \[[@CR26]\]. Extremely high concentrations of IL-6, GCSF, IP10, MCP-1, MIP1A, CRP and TNF-α have been recorded in COVID-19 suffering patients \[[@CR27]\]. The formations of microthrombi have been recorded in the patients \[[@CR2], [@CR28], [@CR29]\] which could be formed in any organ of the body or could migrate to any organ and thus affect adversely. This could be the most likely reason to cause severe organ damages and death in high numbers \[[@CR29]\].

Although, little is known about the pathology of the disease, due to the recent emergence of the virus, reports indicate that the lungs are the most affected organ as pneumonia-like symptoms occurred in most of the cases. A few other reports indicated other pathological indications like edema, proteinaceous exudates, vascular congestion, and inflammatory clusters with fibrinoid material and multinucleated giant cells \[[@CR30]\]. Histopathological findings showed extensive pulmonary interstitial fibrosis and pulmonary hemorrhagic infarcts along with alveolar edema accompanied by the inflammatory injury of epithelial cells \[[@CR31]\].

Stem Cell Therapy {#Sec3}
=================

Stem cells are either totally undifferentiated or partially differentiated cells that can divide indefinitely to produce more cells of the same type and can differentiate into various types of cells. Because of many ethical and legal limitations, usage of the adult stem cells is more favored in clinical practices. Both Hematopoietic stem cells (HSCs), isolated from bone marrow, and Mesenchymal stem cells (MSCs), isolated from adipose tissues, are adult stem cells which have an excellent capacity to repair tissues since they can proliferate for extended periods while maintaining undifferentiated state and differentiate into various types of cells. MSCs can differentiate into endodermal and ectodermal lineages such as hepatocytes, cardiomyocytes, neurons, and astrocytes \[[@CR32]--[@CR34]\]. MSCs can be present in different niches in perivascular spaces in almost every tissue of the body \[[@CR35], [@CR36]\]. In general the number of stem cells decrease with age but the stemness has been thought to stay throughout the life. However, studies demonstrate that physical activity increases the quality of stem cells on one hand while the stemness and quality of stem cells decreases drastically with age in obese and diabetic individuals on the other \[[@CR37], [@CR38]\]. The most common type of MSCs used for therapy in lung diseases are from bone marrow, adipose tissue, umbilical cord blood, and endothelial progenitor cells \[[@CR39], [@CR40]\]. The MSCs can potentially serve as a promising tool in the cell-based therapy for treating COVID-19 patients due to their virtually unlimited proliferative and regenerative capability in addition to their ability to modulate immune responses of the recipient. Generally, MSCs can accelerate a number of processes by affecting a number of activities like immunomodulation, antiapoptosis, angiogenesis, supporting the growth and differentiation of local stem and progenitor cells, anti-scarring, and chemo-attraction (Fig. [1](#Fig1){ref-type="fig"}). Immunomodulatory properties of MSCs have been reported to be one of the major elements imparting the therapeutic benefits during the process of lung repair and regeneration in many pathological conditions such as bronchopulmonary dysplasia, asthma, acute lung injury, chronic obstructive pulmonary disease, idiopathic pulmonary fibrosis. A number of active efforts is being carried out in this pursuit \[[@CR39]--[@CR41]\].Fig. 1MSCs, in general, accelerate healing processes by acting at the level of immunomodulation, antiapoptosis, angiogenesis, supporting the growth and differentiation of local stem and progenitor cells, antiscarring, and chemoattraction. BFGF - basic fibroblast growth factor; CCL - CC chemokine ligand; CXCL - chemokine (C-X-C motif) ligand; ECM - extracellular matrix; GM-CSF - granulocyte-macrophage colony-stimulating factor; HGF - hepatocyte growth factor; iDC - invasive ductal carcinoma; IGF-1 - insulin growth factor-1; LIF - leukaemia-inhibitory factor; M-CSF - macrophage colony-stimulating factor; mDC - macrophage-derived chemokine; NK - natural killer cells; PGE2 - prostaglandin E2; SCF - stem cell factor; SDF-1 - stromal cell-derived factor 1; TGF-β - transforming growth factor-β; VEGF - vascular endothelial growth factor \[[@CR42]\]

Mechanism of Stem Cell Action {#Sec4}
=============================

During inflammation T-cells are activated in a series of cell signaling steps. The first signal that activates lymphocytes is mediated by specific antigen-specific T cell receptors (TCR), while the second step, called co-stimulation is independent of the TCR but is crucial for facilitating the full activation of immune response and avoiding anergy \[[@CR43]\]. MSCs can exert immunosuppression by inhibiting T-cells at both primary and secondary activation steps by signaling through soluble factors like cytokines and growth factors, and by mechanisms involving direct cell to cell contacts \[[@CR44]\]. Exposure of MSCs to interferon-ƴ (IFN-ƴ) stimulates indoleamine 2,3-dioxygenase (IDO) activity in MSC through the JAK/STAT signaling pathway \[[@CR45], [@CR46]\] which converts tryptophan to kynurenine that inhibits in a variety of cells and suppresses inflammatory response. Apoptosis of pro-inflammatory T-cells was observed after inducing IDO activity through tryptophan starvation via a generalized reduction in cellular energetics which was evident by increased generation and accumulation of secreted kynurenines \[[@CR47]\]. Recorded T-cell specific inhibitory effects of IDO are thought to be because of the local accumulation of tryptophan metabolites rather than by tryptophan depletion \[[@CR48]\]. Interestingly, more than 30 soluble factors have been reported to induce the immunomodulation capacity of MSCs to regulate activation and proliferation of T-cells. Contrary to other species, human MSCs produce IDO to suppress T-cell proliferation \[[@CR49]\] and induce T cell anergy which is characterized by absence of their proliferation, and decrease in cytokine production, \[[@CR50]\]. *In vitro* studies showed that T-cell IFN-ƴ production was elevated when activities of MSCs were eliminated. These findings underscore the fact that the major immune- inhibitory effect of MSCs takes place at the level of T-cell proliferation \[[@CR44]\].

Cell-to-cell contacts also play crucial roles in MSC-mediated immunomodulation. Even after exposure to inflammatory signals, MSCs do not express co-stimulatory molecules, such as CD40, CD80, CD86, CD134, and CD252, which are key molecules for inducing the inflammatory process \[[@CR51], [@CR52]\]. On the contrary, *in vitro* studies suggest that after cell to cell interaction expression of *Hes1* and *Hey1* genes are increased in CD34^+^HPCs (Haemopoietic progenitor cells), which could prevent terminal differentiation into dendritic cells (DC) via the activation of Notch signaling \[[@CR53], [@CR54]\]. Overall, during the activation of the inflammation process, MSCs might have increased expression of CD274 for counteracting the regulatory effects because of up-regulation of CD40, and thus may suppress the induced immune response \[[@CR52]\]. In addition, MSCs can suppress T-cell proliferation via the expression of CD39 and by the production of adenosine, which activates the adenosine A2 receptor (ADORA2A) on the surface of lymphocytes \[[@CR55]\].

It is an interesting fact worth mention that MSCs from different sources do not have comparable immunoregulatory capacity. In a comparative study on MSCs from different sources, Warton Jelly derived MSCs were found to be most effective in immunosuppression \[[@CR52]\]. Studies suggest that activation of Toll-like receptors (TLRs) play very significant roles in immunomodulation mediated by cell-to-cell contact, and also by MSC-secreted soluble factors. TLR family has been found to play important role in the innate immune system for the recognition of pathogen-associated molecular patterns (PAMPs), initiating primary responses against pathogens \[[@CR56]\]. Eleven TLRs in human help recognize bacteria, viruses, protozoa, and fungi; and are commonly associated with chronic inflammatory and autoimmune diseases also \[[@CR57]\]. MSCs, in general, are reported to express TLR 2, 3, 4, 5, 6, and 9, and the type of TLR activated during cell culture may affect their *in vivo* behavior after being transplanted \[[@CR58]\]. TLR3 and TLR4 ligation, in the absence of IFN-ƴ, has been proved to enhance the immunosuppressive properties of MSCs by increasing tryptophan degradation leading to increased kynurenine production which is known to be catalyzed IDO and activated by autocrine interferon-β \[[@CR59]\]. MSCs, depending upon the exposure to the type of extracellular signals, can secrete pro-inflammatory cytokines as well which may enhance innate immunity. In the presence of specific agonists, activated TLRs lead to the expression of inflammatory cytokines or co-stimulatory molecules. These agonists include a wide array of exogenous molecules like microbial components (LPS), lipoproteins and peptidoglycans, viral RNA, bacterial and viral and methylate CpG-DNA and endogenous molecules shed by dying cells \[[@CR60], [@CR61]\]. MSCs can be polarized by downstream TLR signaling into two homogenously phenotypes, known as MSC1 and MSC2. For MSC1, low-level exposure to TLR4 agonists polarizes them toward the pro-inflammatory behavior; through some mechanisms not fully understand yet. In contrast, for phenotype 2, MSCs can be polarized via TLR3 activation, and thus MSCs suppress the immune response \[[@CR61]\]. Therefore, in order to avoid deleterious consequences while using MSCs as anti-inflammatory therapy, it has been suggested to activate specific TLRs in culture conditions itself before using the cells *in vivo* \[[@CR62]\].

MSCs express low levels of human leukocyte antigen (HLA) class I molecules. This property of stem cells, in general, helps them evade the killings by natural killers (NK) cells. Also, MSCs and other stem cells do not express HLA class II molecules or costimulatory molecules like CD40, CD40L, CD80, and CD86, which are involved in the activation of T-lymphocyte-mediated immune responses \[[@CR12], [@CR49], [@CR50], [@CR63]\]. This property of the stem cells is very important from the clinical point of view as it takes care of concerns of host's immune response. Accordingly, clinical trials have demonstrated the efficacy and safety in using allogenic MSCs, as neither toxicity nor adverse effects provoking serious concerns have been reported \[[@CR41]\]. MSCs having the "immune-privileged" characteristics in addition to being non-immunogenic that is they do not trigger a rejection response because of less intense pro-inflammatory IFN-ƴ-induced HLA-II expression make them a very attractive clinical tool for treating COVID-19 \[[@CR64]\].

In addition, it has been reported that MSCs express several growth factors which are involved in the regulation of proliferation, apoptosis, and differentiation. Signaling by TGF-β family ligands plays important roles in cell differentiation, proliferation, as well as in the maintenance of pluripotency in stem cells \[[@CR65]\]. Moreover, evidence suggests that fibroblast growth factors (FGF) signaling mediated by the activation of P13K- and MAPK- pathway promotes repair and lung regeneration \[[@CR66]\]. Vascular endothelial growth factor (VEGF) is another well-described pro-angiogenic factor with important implications in all organs, including the pulmonary system \[[@CR67]\]. VEGF can act like a pneumotrophic factor and, thus help in tissue repair during the recovery process from lung injury \[[@CR68]\]. Epidermal growth factor (EGF) also plays important roles in lung development, epithelial maturation, and regeneration. Lung epithelial cells including alveolar Type II cells are very rich in content of EGF receptors. Numerous studies have shown that EGF regulates the growth of various cellular components of the lung parenchyma after any injury \[[@CR69]\]. Similarly, hepatocyte growth factor (HGF) also supports the growth in epithelial and endothelial cells by inducing mitogenic process, and by enhancing the survival of pulmonary endothelial and alveolar type II epithelial cells by blocking apoptosis process \[[@CR70]\].

MSC-therapy in Patients Infected with COVID-19 {#Sec5}
==============================================

The unfortunate outbreak of SARS-CoV-2 has imposed an urgent demand from scientists and clinicians around the globe to find effective therapeutic agents to alleviate sufferings in the COVID-19 patients on one hand while enforcing a demand for effective vaccines to mitigate its spread in future and spared or unaffected present populations on the other. Cell therapy and gene therapy at present are advanced fields of science in treating many diseases. It has been reported that umbilical cord-derived MSCs (hUCMSCs) have the potential to treat the H5N1 infection induced acute lung injury. It is worth keeping in consideration that inflammatory cytokine profiles induced by H5N1 and COVID-19 are similar \[[@CR71]\] like extremely high concentrations of IL-6, GCSF, IP10, MCP-1, MIP1A, and TNF-α, likely to cause severe organ damages and death in high numbers \[[@CR2], [@CR28]\]. There are very limited reports available on MSC therapy for COVID-19. In a recent clinical report from Beijing, China \[[@CR72]\], 7 patients with COVID-19 pneumonia were treated with human MSCs by intravenous administration of 1 × 0^6^ cells per kilogram of body weight. Patients received one single dose of cells in addition to standard care and then were monitored for the following 14 days. On the other hand for placebo control, 3 patients were treated with the standard regimen of drugs. The results from MSC-treated patients showed a dramatic reduction in levels of serum proinflammatory cytokines and chemokines which attracted fewer mononuclear/ macrophages such as CXCR3^+^CD4^+^, CXCR^+^CD8^+^ T cells and CXCR3^+^ NK cells to the lungs. On the other hand, MSCs induced more regulatory dendritic cells (CD14^+^CD11c^+^CD11) to the inflamed areas \[[@CR72]\]. In comparison with placebo control patients, MSC-recipients showed significantly decreased levels of TNF-α, a strong pro-inflammatory cytokine, and, elevated levels of IL-10, an anti-inflammatory cytokine. When administrated intravenously, a fraction of the MSCs settle in the lungs also, which could improve the pulmonary microenvironment, and thereby, reduce the over-activation of the immune system and support regeneration of affected lung tissues \[[@CR72], [@CR73]\]. RNA-seq analysis of transplanted MSCs revealed high expression of anti-inflammatory and trophic factors such as TGF-β, HGF, LIF, GAL, NOA1, FGF, VEGF, EGF, BDNF, and NGF \[[@CR72]\]. While the immunosuppressive properties of the MSCs help fend off the cytokine storm, growth factors released by them might participate in lung regeneration activities. These findings indicate the possibility that the administration of exogenous growth factors, such as EGF might help in a more rapid regeneration which has been recorded in experimental animal models \[[@CR69]\].

In another case study reported from Baoshan, China, a critically ill patient infected with COVID-19 was treated with allogeneic human umbilical cord-derived MSCs. The patient had severe pneumonia, acute respiratory distress, moderate anemia, hypertension, type 2 diabetes, and electrolyte disturbance. Laboratory analysis showed high levels of white blood cells and neutrophil percentage (92.4%), and had severe multi-organ damage. The patient received three intravenous administrations of 5 × 10^7^ cells at intervals of 3 days (days 1st, 4th, and 7th) in addition to other standard treatments like thymosin α1 and antibiotics to prevent infections. After the second dose of MSC administration, levels of white blood cells, neutrophil and lymphocyte as well as the counts of CD3^+^, CD4^+^, CD8^+^ T-cells returned back to normal range. The finding demonstrates that the treatment of COVID-19 infections with MSC therapy alone or in combination with other immune-modulating agents like thymosin α1 offers a very promising therapeutic option to COVID-19 patients \[[@CR74]\]. Many clinical trials undergoing in the USA are listed on the website <https://clinicaltrials.gov/ct2/home>.

Cytokine dysregulations have also been reported for influenza pathogenesis caused by several subtypes of influenza A viruses. Pneumonia and acute respiratory distress syndrome are among the most common pathogenesis observed in these viral infection conditions. Intravenous administrations of MSCs in patients suffering from influenza and similar pulmonary diseases have shown positive outcomes in restoring lung functions and reversing the lung functional and structural losses induced by the cytokine storm brought about by the infection. Therefore, it is logical to believe that MSC therapy can help patients suffering from COVID-19 via immunomodulatory pathways \[[@CR75]\]. MSC therapy is emerging as a feasible therapeutic option in the treating COVID-19 patients because of the therapeutic abilities of MSCs like suppression of immune response. Their ability to differentiate into type II alveolar epithelial (AT2) cells, demonstrated *in vitro*, also may help further \[[@CR76]\]. Lung injury may lead to altered signals of BMP4-NFATc1-TSP1 signaling pathway and could trigger aberrant alveolar progenitor function. MSC-secreted factor TSP1 may restore the disrupted vascular signals and facilitate epithelial repair \[[@CR77]\]. Therefore, prevention of cytokine storm is believed as the major step in treatment of COVID-19. MSCs, owing to their powerful immunomodulatory abilities, may have beneficial effects for preventing the cytokine storm altogether or attenuating it and help regenerate the damaged lung tissues /other organs.

Conclusions {#Sec6}
===========

The novel virus SARS-CoV-2, causes the disease known as COVID-19, which primarily affects the respiratory tract and lungs, pneumonia leading to damaged organs. These viruses provoke intense immune response resulting in excessive cytokine secretion which could be termed as "cytokine storm". Genetic analyses proved this virus is closely related to SARS-CoV and most likely harbor in wild bats. Due to the continuous interaction with wildlife in markets, it is likely the zoonotic process caused the outbreak.

Despite the fact that the pandemic erupted only a few months ago, a lot of genetic and phylogenetic information about the causative agent has already been reported. SARS-CoV-2, like other previously described coronaviruses, infects host cells by binding to ACE2 receptor and it is closely resembles with bat-SL-CoVZC45 and bat-SL-CoVZXC21, both found on wild populations of bats \[[@CR16]\].

MSC therapy has shown promising results on many lung diseases \[[@CR12]\] because of the remarkable immunomodulatory properties exhibited by stem cells. Even in patients ill with influenza A viruses, MSC therapy has proved to alleviate symptoms of pneumonia and acute respiratory syndrome \[[@CR75], [@CR78]\]. Still more research and clinical trial results are needed to elucidate the exact participation of MSCs in COVID-19 infected patients. Patients treated with MSCs regain lung function and have restored levels of cytokines and growth factors. Recommendation of MSC therapy along with other immune-modulating agents may help control the COVID-19 induced symptoms more efficiently \[[@CR72], [@CR74]\].
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